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Abstract
The actual problem of nuclear machine building is mastering the manufacture of Al/B4C
powder composite cladded with layers of aluminum alloy in a rigid technological
casing by a high-production method of rolling. Simulation tests of cylindrical samples
were carried out using a uniaxial compression method on a cam plastometer with an
evaluation of the influence of the strain on the density of the Al/B4C powder compact
with the aim of optimizing the rolling technology. The strain rate and strain correspond
to the ones for the rolling process, and the compression process of samples was divided
into three stages. The temperature of deformation and strain of the powder compound
of aluminum and dispersed particles of boron carbide Al/B4C were varied according to
the experiment plan. The final density of the powder compound after each compression
stage was accepted as an experimental variable as well as its cutting ability according
to which the manufacturability of the obtained composite was evaluated. According
to the simulation experiment results, the conditions of hot compaction of the Al/B4C
powder composite were evaluated and recommendations for temperature–deformation
regimes were formulated.
Keywords: powder composite, plastometric tests, compression, hot rolling, Al/B4C
composite, densification, boron carbide
1. Introduction
One of the actual problems of the nuclear machine building is the development of
efficient technologies of the manufacturing composite materials with the neutron pro-
tection function as well as an increase in their operational characteristics and reliability.
The most promising material in this field is an aluminum matrix composite with outer
layers made from aluminum alloys and with an inner layer from compacted powder
compound of aluminum and dispersed particles of boron carbide Al/B4C, which is used
for manufacturing transport and storage containers for transportation and storing spent
nuclear fuel [1, 2]. Currently, when producing functional boron-aluminum composites,
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improvedmethods of casting and powder metallurgy mainly are used [3]: the technology
of cryogenic grinding powders and their subsequent laser sintering [4], the method of
infiltration of aluminum melt through the porous framework from boron carbide pow-
der [5], the method of mechanochemical synthesis (mechanical alloying) with dynamic
compaction on magnetic-pulse presses and subsequent deformation processing [6], the
method of synthesis of boron carbide nanoparticles in the material melt directly «in-situ»
[7] and others.
These methods are characterized by increased complexity, the need for highly engi-
neered and specialized equipment and also low suitability for large-scale manufacturing
and wide distribution of modern transport and storage containers from promising func-
tional materials of new generation. This is explained by the fact that the geometrical
dimensions of produced boron–aluminum composite blanks by known methods [3–7]
are limited.
To obtain a processable material in the form of strips or sheets suitable for the pro-
duction of transport and storage containers, boron-aluminum composite blanks made
by casting and powder metallurgy methods require further deformation processing – by
rolling or extrusion methods. However, this is difficult for materials with a high percent-
age of solid filler.
Thus, more preferable methods for producing functional composites based on alu-
minum and boron carbide Al/B4C are technologies being developed based on hot rolling
[8–10], which combine the processes of molding, consolidation, and sintering a powder
compound of aluminum with boron–containing components. Profitability and produc-
tivity of such technology is significantly higher, which will allow organizing large-scale
manufacturing sheet composite material. A number of papers [11–13] are devoted to the
problems of formation of the structure and properties of the boron-aluminum composite
under hot deformation.
However, issues related to the simulation of hot deformation of powder composites
[14–16], as well as optimization of the technological regimes of their rolling remain
poorly explored, therefore the problem of developing the technology of hot rolling
Al/B4C boron aluminum composite material is relevant. Relating to this, the goal of the
present research work was to investigate the influence of the strain and temperature of
deformation on the density of the Al/B4C powder compact, as well as to evaluate the
influence of these factors on the manufacturability of the obtained boron–aluminum
composite.
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2. Equipment and Research Method
The high-production technology of hot rolling aluminum powders and dispersed par-
ticles of boron carbide Al/B4C in a closed technological casing developed in Institute
of Engineering Science, Ural Branch of the Russian Academy of Sciences (IES RAS,
UB) as the most promising method [10, 12] was chosen as the object of research. To
evaluate the influence of the strain and temperature of deformation on the density
of compact from a powder compound of aluminum and dispersed particles of boron
carbide Al/B4C, the test method of uniaxial compression on IES RAS (UB)’s automated
plastometric complex [17] was used. To realize the stress-strain state, in a first approx-
imation identical to the corresponding rolling method, samples with an Al/B4C powder
compound in a steel tubular container were proposed. The initial h0 and final h1 sample
heights corresponded to the initial and final heights of rolled product of the implemented
technology [12]. The diameter and wall thickness of the steel casing of the samples
were selected taking into account the identical influence on the force parameters of the
compression process and the deformation conditions of the powder compound. For the
experiments, steel tubes with a diameter d0 of 16 mm and a wall thickness of 1 mm were
used, from which samples of height h0 equal to 25 mm were cut. A prepared compound
of B4C (25%wt.) and PA-4 (75%wt.) powders with intermediate tamping was placed in the
steel casing cavity to achieve a density of filled compound equal to 1.6-1.62 g/cm3. The
chemical composition of PA-4 included: 98.0% – Al; with impurities no more than: 0.35%
– Fe, 0.4% – Si, 0.02% – Cu. Heating of the samples with the powder compound placed
in them before deformation was carried out in an electric furnace up to a temperature
of 500 and 620 ∘C respectively with a holding time at the setpoint temperatures of 50
minutes. The preparation conditions of the powder compound, the density of its laying
into the casing and the heating regimes were completely identical to the corresponding
parameters of the hot rolling process.
Simulation tests were carried out at the strain rate ξ close to the one at the deforma-
tion zone during rolling and equal to 0.57 s−1 approximately. During the compression
process, the strain rate ξ was constant, which was ensured by the technical feature of
the used testing machine – the cam plastometer.
In order to prevent possible cooling of the samples during the process of taking them
out from the furnace and compression, samples were heated in the steel containers.
To reduce heat transfer, the space between the wall of the container and the sample
was filled with kaolin wool. In accordance with the experiment plan, the samples were
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compressed in three stages with the strain for each upsetting 𝜖 = ℎ0−ℎ1ℎ0 ⋅ 100% = 30%,
where h0 and h1 are the initial and final height of the sample respectively.
After compression and cooling of the samples to room temperature, the steel shell
was opened to extract the obtained compact. The obtained compacts of the powder
compound were machined to evaluate the manufacturability of the obtained boron-
aluminum composite and determine its density.
3. Results of Investigation and Its Discussion
The actual strain and compression forces for three samples after one, two, and three
upsetting stage are presented in Tables 1. From the table it can be seen that the com-
pression force in each subsequent stage is approximately doubled.
Table 1: The results of simulation tests by compression of samples with a compound of powders at
temperatures equal to 500 ∘C and 620 ∘C.
No. of
sample
Weight
of back-
filling,
g
Initial
density
of the
com-
pound
of pow-
ders,
g/cm3
Strain ε, % Compression force, kg Average
pres-
sure per
unit of
area,
kg/ mm2
Final
density,
g/cm3
first
upsett-
ing
second
upsett-
ing
third
upsett-
ing
first
upsett-
ing
second
upsett-
ing
third
upsett-
ing
Tests at a temperature of 500 ∘C
1 6.42 1.67 33.2 - - 1038 - - 3.14 -
2 6.44 1.67 30.0 33.1
(Σ=53.2)
- 1038 2096 - 5.65 2.2
3 6.42 1.67 28.4 35.1
(Σ=53.6)
32.7
(Σ=68.8)
1038 2095 5711 12.02 2.32
4 without powder 986 - -
Tests at a temperature of 620 ∘C
1 6.14 1.6 31.2 - - 650 - - 2.0 2.07
2 6.24 1.62 34.4 25.0
(Σ=50.8)
- 650 1480 - 4.3 2.2
3 6.14 1.6 29.0 29.2
(Σ=49.6)
34.9
(Σ=67.2)
650 1480 3140 7.4 2.32
4 without powder 615 - - -
The correctness of the selected geometric dimensions of the samples was deter-
mined by the contribution of the deformation force of the steel casing without powder
(table 1 – sample 4) during its compression to the total average pressure per unit of area
of the sampleswith the Al/B4Cpowder compound. Comparing the forces observed at the
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deformation temperature of 500 ∘C during the first compression of the samples with the
Al/B4C powder compound (sample 1) and without powder compound (empty steel casing
– sample 4), it was concluded that the Al/B4C powder compound was compacted in the
absence of plastic deformation of the powder particles during the first compression.
Identical results were obtained from the tests at the temperature of 620 ∘C.
Applying the results to the optimization of the rolling process of powder compound,
it is necessary to note the following. When the strain is less than 30 % in the first rolling
pass, the required density of the powder compound for the sintering process during
subsequent heating is not ensured, and if the strain is more than 30 %, the strip will not
be captured by rolls at the rolling mill.
Thus, a rational strain ε was selected for the first hot rolling pass taking into account
the pressure per unit of area under compression of the container with the Al/B4C powder
compound and without it.
The results of measurements of the powder compound density are also presented
in table 1. After three stages of upsetting at both deformation temperatures of 500 and
620 ∘С, the same final density of the composites is observed – 2.32 g/cm3. The results of
technological experiments by test machining showed that the samples compressed at
the temperature of 620 ∘C after two and three upsetting stages retain their integrity when
machined on the turning lathe, which may indicate satisfactory quality of the obtained
compact.
At the same time, the sample obtained at the temperature of 500 ∘C after two upset-
ting stages crumbles whenmachined. However, after three upsetting stages at the same
temperature, the sample is machined with the chip removal, which indicates satisfactory
quality of the obtained compact. It should be noted that for both temperature regimes
after the first upsetting stage, the quality of the compacted powder compound is low,
since the sample does not retain its shape and has the appearance of a sponge. Despite
the same density obtained at identical strain, but at different temperatures of defor-
mation, the quality of the obtained compacts is significantly higher at the deformation
temperature of 620 ∘C.
4. Summary
The method of testing cylindrical samples on IES RAS (UB)’s plastometric complex with
the aim of optimizing the process of hot rolling of a compacted powder compound of
aluminum and dispersed particles of boron carbide Al/B4C in a rigid technological casing
was proposed in the paper. The influence of the strain and temperature of deformation
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on the density of the Al/B4C powder compact was evaluated. It was established that
at identical strains, but at different temperatures, the quality of the obtained Al/B4C
powder compacts is significantly higher at the deformation temperature of 620 ∘C. The
results of simulation experiments made it possible to evaluate the compaction condi-
tions of the Al/B4C powder composite and formulate recommendations on temperature–
deformation regimes.
Acknowledgements
The study was made within the basic part of the state job in the field of scientific activity
No. 11.9538.2017/8.9 and was supported by Act 211 of the Government of the Russian
Federation (agreement No. 02.A03.21.0006).
The equipment of the “Plastometriya” collective use center was used in the research.
References
[1] T. Thevenot, Boron carbide – a comprehensive review, J. Eur. Ceram. Soc. 6 (1990)
205–225.
[2] R.M. Mohanty, K. Balasubramanian, Boron rich boron carbide: an emerging high
performance material, Key Eng. Mater. 395 (2009) 125–142.
[3] T.W. Clyne, P.J. Withers, an introduction to metal matrix composites, Cambridge:
Cambridge University Press, 1993.
[4] R. Vintila, A. Charest, R.A.L., Drew, M. Brochu, Synthesis and consolidation via spark
plasma sintering of nanostructured Al-5356/B4C composite, Material Science and
Engineering A. 528 (2011) 4395–4407.
[5] V.N. Gul’bin, Razrabotka kompozicionnyh materialov, modificirovannyh
nanoporoshkami, dlya radiacionnoy zashchity v atomnoy ehnergetike (Development
of composite materials modified by nanopowders for radiation protection in the
nuclear power industry), Yadernaya fizika i inzhiniring. 2(1) (2011) 272–286 (In
Russian).
[6] S.D. Kaloshkin, V.V. Cherdyncev, M.V. Gorshenkov, V.N. Gul’bin, Metallomatrichnye
slozhnonapolnennye kompozicionnye materialy na osnove alyuminievyh splavov
(Metal matrix complex-filled composite materials based on aluminum alloys),
Proceedings of International Nanotechnology Forum RUSNANO. 1 (2008) 447–449
(In Russian).
DOI 10.18502/keg.v1i1.4396 Page 104
 
The Ural school-seminar of metal scientists-young researchers
[7] V.G. Ivanov, V.I. Gorynin, I.A. Schastlivaya, Perspektivnye kompozicionnye materialy
sistemy bor-alyuminiy dlya transportnyh upakovochnyh konteynerov (Promising com-
posite materials of the boron-aluminum system for transport packaging containers),
Voprosy materialovedeniya. 4(60) (2009) 20–27 (In Russian).
[8] M. Alizade, M. Paydar, High-strength nano structured Al/B4C composite processed by
cross-roll accumulative roll bonding, Material Science and Engineering A. 538 (2012)
14–19.
[9] S.V. Gladkovskiy, T.A. Trunina, E.A. Kokovihin, S.V. Smirnova, Sposob polucheniya
listovogo boralyuminievogo kompozita (The method of producing sheet boron-
aluminum composite). Patent RF 2465094, 2012 (in Russian).
[10] S.V. Gladkovskiy, T.A. Trunina, E.A. Kokovihin et al., Sposob polucheniya metallo-
matrichnogo kompozicionnogo materiala (The method of producing metal matrix
composite material), Patent RF 2528926, 2014 (in Russian).
[11] R. Seetharam, S. Kanmani Subbu, M.J. Davidson, Hot workability and densification
behavior of sintered powder metallurgy Al-B4C preforms during upsetting, Journal of
Manufacturing Process. 28 (2017) 309–318.
[12] S.V. Gladkovskiy, T.A. Trunina, E.A. Kokovihin et al., Struktura i svoystva boralyu-
minievyh kompozitov, poluchennyh goryachey prokatkoy (Structure and properties
of boron-aluminum composites produced by hot rolling), Izvestiya Samarskogo
nauchnogo centra Rossiyskoy Akademii Nauk. № 1(2), Vol. 13 (2011) 361–364 (in
Russian).
[13] C. Nie, J. Gu, J. Liu, D. Zhang, Deformation and fracture behavior of 7039Al reinforced
with B4C particles at elevated temperature, Key Engineering Materials, 351 (2007)
65–69.
[14] D.I. Kryuchkov, A.G. Zalazinsky, I.M. Berezin, O.V. Romanova, Modelling of com-
paction of titanium composite powders, Diagnostics, Resource and Mechanics of
materials and structures. 1 (2015) 48–60 (in Russian).
[15] A.G. Zalazinskii, A.P. Polyakov, Model a plastically compressible material and its
application to the analysis of compaction of a porous body, Journal of Applied
Mechanics and Technical Physics. 3(43) (2002) 457–466.
[16] A.G. Zalazinskii, A.A. Polyakov, A.P. Polyakov, On plastic compression of a porous
body, Mechanics of Solids. 1(38) (2003) 101–110.
[17] A.I. Potapov, S.V. Gladkovskiy, E.A. Kokovihin et al., Determining the plastic strain
resistance of metallic materials on an automated plastometric complex, Diagnostics,
Resource and Mechanics of Materials and Structures. 2 (2015) 24–43 (in Russian).
DOI 10.18502/keg.v1i1.4396 Page 105
